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(57) ABSTRACT

Clock generator embodiments are provided to generate hali-
rate I and Q) clock signals. The generators are configured to
insure fan-out limitations, to insure correct phasing at startup,
to reduce the number of signal 1nverters 1n a critical path, and
to reduce the total number of 1nverter structures to thereby
substantially extend generator operational frequency. An
exemplary generator embodiment requires only two tri-state
iverters and four mverters. These clock generators are par-
ticularly suited for variety of electronic systems such as high
speed data serializers.

2 Claims, 3 Drawing Sheets
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CLOCK GENERATORS FOR GENERATION
OF IN-PHASE AND QUADRATURE CLOCK
SIGNALS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to clock generators.

2. Description of the Related Art

A quadrature clock signal 1s one that 1s delay by one-
quarter of a clock phase from another clock signal which 1s
generally termed the 1n-phase clock. Such clocks are often
referred to by the abbreviations of I and Q clocks. Clock
generators that can provide I and Q clocks are of value 1n a
number of modern electronic systems. For example, I and Q)
clocks find use 1n data recovery systems, I/Q signal modula-
tors and demodulators, signal multiplexers, data recovery
systems, and phase lock loop systems. Because of this wide
application, 1t 1s desirable to have clock generators whose
structure extends the range of operational speeds and 1nsures
correct phase relationship between the I and Q clock signals
over all operational conditions (e.g., at startup).

BRIEF SUMMARY OF THE INVENTION

The present invention 1s generally directed to clock gen-
erators. The drawings and the following description provide
an enabling disclosure and the appended claims particularly
point out and distinctly claim disclosed subject matter and
equivalents thereofl.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11s ablock diagram of an I/Q clock generator embodi-
ment that 1s formed with D flip-flops;

FIG. 2 1s a timing diagram that illustrates signals 1n and out
of the I/Q clock generator of FIG. 1;

FIG. 3 1s another I/Q) clock generator embodiment that uses
inverter realizations of the flip-flops of FIG. 1;

FIG. 4 1s another I/QQ clock generator embodiment that
eliminates elements of FIG. 3;

FIG. 5 1s another I/Q clock generator embodiment that
realizes 1inverters of FIG. 4 with metal-oxide-semiconductor
transistors; and

FIG. 6 1s a block diagram of a data serializer that includes
an I/Q clock generator embodiment.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. 1-5 illustrate clock generator embodiments which
generate half-rate in-phase and quadrature clock signals 1n
response to an iput clock signal. FI1G. 6 then 1llustrates a data
serializer that 1s formed with any one of the clock generator
embodiments. In all of the clock generator embodiments, the
quadrature clock lags the in-phase clock by ninety degrees
and both run at half the rate of the input clock signal.

The generator embodiments are configured for high-speed
operation (e.g., exceeding 2 GHz) and are configured so that
the mm-phase and quadrature clocks are delivered with the
correct phase relationship each time that a generator is
enabled. Accordingly, these embodiments provide reliable
high-speed clock generators which can be used in variety of
clectronic systems such as data serializers which are capable
of higher rates than conventional data serializers. A data
serializer embodiment 100 1s shown 1n FIG. 6.

In particular, FIG. 1 1illustrates a clock generator embodi-
ment 20 which includes first and second edge-triggered D

10

15

20

25

30

35

40

45

50

55

60

65

2

tlip-tflops 22 and 24. Each D flip-flop has a clock port, a D
mput port, and Q and Q-bar output ports. D tlip-tlops are
especially suited for recovery of data from high-speed data
streams because the state of their Q output port takes on the
state of a data stream at the D input port at the moment that a
clock signal at the clock mput port changes states (i.e., at a
clock edge such as an edge in which the clock transitions from
a low state to a high state).

In FIG. 1, the Q-bar output port of the first D flip-flop 22 1s
coupled back to this thp-flop’s D mput port and the QQ output
port of the first flip-flop 1s coupled to the D input port of the
second flip-flop 24. The generator’s clock input port 25 1s
coupled to the clock mput ports of each of the D flip-tlops and
the Q output ports of the first and second tlip-tlops are respec-
tively coupled to generator output ports 26 and 28. It 1s par-
ticularly noted that the second D tlip-tlop 24 1s configured to
respond to each clock edge 1n a manner opposite to that of the
first D tlip-tlop 22 (note the open circle at the clock iput port
of the thp-flop 24 which indicates inversion).

Operation of the clock generator 20 can be examined with
the aid of FIG. 2 which illustrates a clock signal clk that 1s
applied to the clock port 25. Because the Q output port of the
first D tlip-tlop 22 takes on the signal state at this flip-flop’s D
input port at the rising edges of the clock signal and because
the signal at the Q-bar output port 1s always applied to the D
input port, the signal at the QQ output port 1s a half-rate clock
with 1ts rising edges coincident with the rising edges of the
clock signal clk. This generates the half-rate, in-phase signal
I which 1s provided at the generator’s output port 26. That 1s,
the feedback between the Q-bar output port and the D input
port of the tlip-flop 22 provides a divide-by-two operation
that generates the half-rate in-phase signal 1 at the I output
port 26.

Because the clock ports of the first and second D flip-flops
22 and 24 are configured to respond to opposite edges of the
clock signal, the Q output port of the second D flip-tlop takes
on the state of the in-phase signal I at each falling edge of the
clock signal clk (an exemplary clock falling edge 1s indicated
by the broken line 29). Accordingly, the signal at the QQ output
port 1s the half-rate, quadrature signal (Q which 1s provided at
the generator’s output port 28. It 1s important to note that the
quadrature signal Q 1s forced to always lag the in-phase signal
I by one-fourth of the period of the in-phase signal. This result
1s mnsured because the in-phase signal I 1s presented to the D
input port of the second D flip-tlop and this flip-flop responds
at the falling edges of the clock signal clk.

FIG. 3 illustrates a clock generator embodiment 40 1n
which the first and second D flip-flops 22 and 24 of FIG. 1 are
cach realized with two tri-state inverters 41 and 42 and with
an inverter 43 that are all senially-connected between the
tlip-flop”s D 1nput port and Q-bar output port. Each of the first
and second D tlip-tlops are also realized with another inverter
44 that 1s coupled between the inverter 42 and the tlip-tlop’s
Q output port. A feedback path 45 then connects the Q-bar
output port and the D 1nput port of the flip-tlop 22.

The tri-state inverters 41 and 42 are configured to respond
to a clock signal clk by mnverting input signals during one
half-cycle of the clock signal and hold output signals during
a second half-cycle (1.e., the mverting process provides two
operational states and the hold process provides a third opera-
tional state). They are also configured to act on opposite clock
edges 1n the tlip-tlops 22 and 24 (note that tri-state inverter 41
1s shown with an 1nverting circle in the D tlip-tlop 22 whereas
tri-state inverter 42 1s shown with an 1iverting circle 1 the D

tlip-tlop 24).
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In the thp-flop 22, the tri-state inverter 42 and the inverter
43 are shaded to indicate that they form a critical path wherein
a critical path 1s the portion of a circuit that limits operational
speed. Improving the speed of a critical path of a system will
enhance the system’s operational speed whereas this does not
occur for system elements that are not part of the critical path.

In the thp-tlop 22, the tri-state inverter 42 transitions 1nto
its 1nversion mode at each rising edge of the clock signal clk
(at these edges, the tri-state inverter 41 transitions 1nto 1ts hold
mode). Change of the signal state at the D mput port waill
therefore be delayed from each rising clock edge by the
propagation delays of the tri-state inverter 42 and the inverter
43. If delays through these two devices reach one-half of the
period of the clock signal clk, the generator’s operation 1s
endangered because the feedback signal through the feedback
path 45 will not arrve 1n time for proper processing.

The output 1inverter 44 of the first flip-flop 22 and the first
tri-state inverter 41 of the second flip-flop 24 are also shaded
to indicate a critical path. If delays through these elements
plus delays through the tri-state inverter 42 and 1inverter 43 of
the first tlip-tflop 22 reach one-half of the period of the clock
signal clk, the first tri-state inverter 41 of the second flip-flop
24 will not be properly triggered. As long as the shaded
clements of the generator 40 are fast enough to satisty these
two concerns and the non-shaded elements are comparably
configured, the generator 40 will operate properly.

The clock generator 60 of FIG. 4 1s obtained with the
realization that some of the functions of the first and second
tlip-tflops 22 and 24 of FIG. 3 can be combined which facili-
tates substantial circuit simplification. In particular, the tri-
state 1nverters 41 and 42, the inverters 43 and 44, and the
associated feedback path 45 of the tlip-tlop 22 of FIG. 3 are
duplicated in the clock generator 60 so that 1t also functions as
a divide-by-two circuit and provides the in-phase signal I at
the output port 26. The quadrature signal Q in the clock
generator 60 1s then obtained with the realization that the
signals at circuit paths 64 and 65 1n FIG. 3 are equivalent.

This realization may be examined by initially assuming
that the signal in the feedback path 45 of FIG. 3 1s 1n a lugh
state. At the rising clock edge 66 i FIG. 2, the tri-state
inverter 41 1n the first tlip-tlop 22 enters 1ts hold mode and the
associated tri-state inverter 42 enters 1its inverting mode.
Accordingly, the signal 1n the circuit path 64 1s held in a low
state, the signal 1n the feedback path 45 snaps to a low state,
and the mn-phase signal I at the output port 26 snaps from a low
state to a high state. Prior to the rising clock edge 66, the
tri-state inverter 41 1n the second tlip-flop 24 was 1n 1ts hold
mode and the associated tri-state mnverter 42 was in 1ts invert-
ing mode so that 1ts output was 1n a low state and the quadra-
ture signal QQ at the output port 28 was 1n a low state. At the
rising clock edge 66, the tri-state inverter 41 in the second
tlip-tflop 24 enters 1ts inverting mode and the associated tri-
state inverter 42 enters 1ts hold mode so that the circuit path 65
and the quadrature signal Q at the output port 28 remain held
in their low states.

At the falling clock edge 67 1n FIG. 2, the tri-state inverter
41 1n the first thip-flop 22 enters 1its inverting mode and the
associated tri-state inverter 42 enters 1ts hold mode. The sig-
nal in the circuit path 64 snaps to a high state but the signal at
the output of the tri-state iverter 42 1s held 1n its prior high
state so that the signal 1n the feedback path 45 remains 1n 1ts
low state and the in-phase signal 1 at the output port 26
remains in 1ts high state. At the falling clock edge 67, the
tri-state inverter 41 1n the second tlip-tlop 24 enters 1ts hold
mode so that 1ts output signal remains low. At the same edge,
the associated tri-state inverter 42 enters 1ts inverting mode so
that the signal in the circuit path 65 snaps 1nto a high state.
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Accordingly, the quadrature signal Q at the output port 28
also snaps into the high state as indicated in FIG. 2.

At the rising clock edge 68 1n FIG. 2, the tri-state inverter
41 1n the first flip-tlop 22 again enters 1ts hold mode and the
associated tri-state inverter 42 again enters its inverting mode.
Accordingly, the signal 1n the circuit path 64 remains 1 a high
state, the signal 1n the feedback path 45 snaps to a high state,
and the 1in-phase signal I at the output port 26 snaps to a low
state as 1indicated i FIG. 2. At the rising clock edge 68, the
tri-state inverter 41 1n the second flip-tlop 24 again enters its
iverting mode and the associated tri-state inverter 42 again
enters 1ts hold mode. Accordingly, the signal in the circuit
path 65 and the quadrature signal Q remain in the high state as
indicated in FIG. 2 but the output of the tri-state inverter 41
remains in a low state.

At the falling clock edge 69 in FI1G. 2, the tri-state inverter
41 1n the first thp-tlop 22 again enters its mverting mode and
the associated tri-state inverter 42 again enters its hold mode.
The signal 1n the circuit path 64 snaps to a low state, the signal
at the output of the tri-state inverter 42 remains in its low state
so that the signal in the feedback path 45 remains in its high
state and the in-phase signal I at the output port 26 remains 1n
its low state. At the falling clock edge 67, the tri-state inverter
41 1n the second thp-flop 24 enters 1ts hold mode and the
associated tri-state inverter 42 enters 1ts mverting mode. The
output of the tri-state inverter 41 goes into a high state, the
signal path 63 snaps to a low state and the quadrature signal (@

at the output port 28 also snaps into a low state as indicated 1n
FIG. 2.

Investigation of the operational description of the preced-
ing four paragraphs finds that the signals at the circuit paths
64 and 65 are held 1n low states at the rising clock edge 66,
snap to a high state at the falling clock edge 67, remain 1n a
high state at the rising clock edge 68, and snap to a low state
at the falling clock edge 69. The signals at circuit paths 64 and
65 1n FIG. 3 are thus equivalent signals because they respond
identically at all of the clock edges.

With this realization, it 1s seen that the inverters 43 and 44
of the second flip-tlop 24 1n F1G. 3 can provide the quadrature
signal Q at the output port 28 by processing the signal of the
circuit path 64 rather than processing the signal of the circuit
path 65 and this altered processing will eliminate the need for
the tri-state iverters 41 and 42. The clock generator 60 of
FIG. 4 1s thus completed by providing serially-coupled invert-
ers 71 and 72 that process the output of the tri-state inverter 41
to thereby provide the quadrature signal Q at the output port
28. It 1s apparent that only the tri-state iverter 42 and the
inverter 43 now form a critical path which provides the feed-
back signal to the tri-state inverter 41 along the feedback path
45. This follows because as long as these devices are suili-
ciently fast to provide the feedback signal 1n less than one half
of a clock period, the in-phase and quadrature signals I and Q
will be reliably generated as shown 1n FIG. 2.

It 1s noted that the inverters 44 and 72 of FIG. 4 essentially
act as butiers which insure that fan-out limitations of inverters
43 and 71 are not exceeded. It 1s further noted that a critical
path of the clock generator 40 of FIG. 3 runs through four
inverters whereas a critical path of the clock generator 60 1s
limited to only two inverters. In addition, the number of
tri-state inverters 1s reduced from four to two. These structural
clock simplifications substantially extend the operational fre-
quency ol generators. For example, operational simulations
have indicated that the clock generator 60 can operate at input
clock speeds that exceed 2 GHz. In an important clock fea-
ture, the drive connection between the tri-state inverter 41 and
the inverter 71 insures that the quadrature clock signal Q at the
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output port 28 will always lag the in-phase clock signal I at the
output port 26 and that this relationship will be true at clock
startup.

FIG. S illustrates another clock generator 80 which 1s simi-
lar to the generator 60 of FI1G. 4 with like elements indicted by
like reference numbers. In the generator 80, the mverters 43,
44,71 and 72 are each realized with transistors 81 and 82 that
are arranged to form a complementary common-source stage.
The coupled gates of each stage form an inverter input port
and the coupled drains form an 1nverter output port that can
push and pull load currents. Thereby, the signal state at the
coupled drains 1s always 1nverted from the signal state at the
coupled gates.

The tri-state mnverters 41 and 42 of the generator 80 are also
formed with transistors 81 and 82 that are arranged to form a
first complementary common-source stage. In each of these
tri-state inverters, however, additional transistors 83 and 84
are arranged as a second complementary common-source
stage that 1s inserted between the drains of the first comple-
mentary common-source stage.

In addition, a clock converter 86 1s provided to convert the
single-ended clock signal clk (previously shown 1n FIG. 4) to
a differential clock signal that drives the gates of the second
complementary common-source stage in each of the tri-state
inverters 41 and 42. It 1s noted that the drive of gates 1n the
tri-state inverter 42 1s inverted from the drive of gates in the
tri-state inverter 41. This inversion causes the tri-state mnvert-
ers 41 and 42 to respond oppositely to the edges of the clock
signal clk of FIG. 2. That 1s, this inversion corresponds to the
inverting circle shown 1n the tri-state inverter 41 in FIG. 4.

The clock generator 80 operates similarly to the clock
generator 60 ol F1G. 4 wherein the clock signal clk at the input
port 25 1s converted to a differential clock coupled to drive
transistors 83 and 84 1n the tri-state inverter 41 and coupled to
inversely drive transistors 83 and 84 in the tri-state inverter
42.

The described clock generator embodiments are well
suited for use 1n a variety of electronic systems. For example,
FIG. 6 1llustrates a data serializer 100 that converts parallel
digital data streams to a serial data stream. The serializer 100
includes a clock generator 102 that may be configured 1n
accordance with any selected one of the clock generator
embodiments 20, 40, 60 and 80 of FIGS. 1-5 so that 1t pro-
vides half-rate in-phase (1) and quadrature (Q) clock signals
in response to an mput clock signal clk.

The serializer 100 also includes first, second and third
serializers 111, 112 and 113. As exemplified by the first
serializer 111, they are each formed with first and second D
tlip-flops 115 and 116 and a multiplexer 118 that 1s arranged
to multiplex signals from the first and second flip-flops. In
cach senializer, the flip-tlops and the multiplexer receive the
same clock signal but the first thip-tlop 115 1s configured to
respond inversely to the clock signal.

The first and second serializers 111 and 112 respectively
operate 1n response to the in-phase and quadrature clock
signals I and Q and the third serializer 113 operates 1n
response to the input clock signal clk. At very high speeds of
operation, small delays through the clock generator 102 may
become significant. In these cases, a delay 124 may be
inserted into the clock signal clk so that its edges arrives at the
third serializer 113 at the same time that edges of the in-phase
and quadrature clock signals arrive at the first and second
serializers 111 and 112.

FI1G. 6 also provides a sketch 130 of the in-phase, quadra-
ture and input clock signals. The sketch shows the in-phase
and quadrature clock signals to have a rate one half that of the
input clock signal with the rising edges of the in-phase clock
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signal coincident with rising edges of the input clock signal.
Because the quadrature clock signal 1s 1n quadrature with the
in-phase clock signal, its rising edges are coincident with
falling edges of the input clock signal.

The parallel input data streams provide parallel data bits A,
B, C and D which remain constant for time periods such as the
one indicated in the sketch 130. On a rising edge of the
in-phase clock, the data bit A 1s captured at the output of the
tlip-tflop 116 but that data 1s not multiplexed to the signal line
121 until the following falling edge of the in-phase clock. On
a falling edge of the in-phase clock, the data bit C 1s captured
at the output of the flip-tlop 115 but that data 1s not multi-
plexed to the signal line 121 until the following rising edge of
the in-phase clock as again shown 1n the sketch 130. The bits
A and C are superimposed on the in-phase clock signal I to
show the times at which they would appear at the output 121
of the first serializer.

The same capture and multiplex operations take place 1n
the second serializer 112 which operates 1n response to the
quadrature clock signal Q. The bits B and D are superimposed
on the quadrature clock signal Q to show the times at which
they would appear at the output 122 of the second serializer.
For proper operation of the first and second serializers, there-
fore, the data 1n the input parallel data streams must remain
constant for a rising and a falling edge of the in-phase clock
and for a falling and rising edge of the quadrature clock. This
time period of constant parallel data 1s indicated 1n the sketch
130.

The third senalizer 113 operates with the same processes
described above for the first and second serializer and the bits
A, B, C and D are superimposed on the mput clock signal clk
in the sketch 130 to show the times at which they would
appear at the output of the third serializer 113.

Because the clock generator 102 provides half-rate in-
phase and quadrature clock signals to the first and second
serializers 111 and 112, these serializers operate at a reduced
rate compared to the third serializer 113. This permits the data
serializer 100 to operate at higher rates than conventional data
serializers which require substantially all of their components
to operate at the output rate. Although additional attention
must be applied to construction details (e.g., layout) of the
third serializer 113 to 1nsure proper operation at the highest
output rate, operational requirements of the first and second
serializers 111 and 112 are relatively relaxed because they
operate at the reduced rate.

This relaxation applies to other serializers 1n data serializer
embodiments that are configured to process higher numbers
of parallel data streams. For example, an arrow 131 in FIG. 6
indicates that another pair of serializers (similar to the first
and second serializers 111 and 112) may be provided ahead of
the first sernializer 111 along with a duplicate of the clock
generator 102 that would process the in-phase clock signal 1
into half-rate in-phase and clock signals for this added pair.
Similarly, an arrow 132 indicates that another pair of serial-
1zers may be provided ahead of the second serializer 112
along with a duplicate of the clock generator 102 that would
process the quadrature clock signal Q into half-rate in-phase
and clock signals for this added pair. This augmented data
serializer would be able to process eight parallel data streams
into the output data stream and the added components would
operate at even lower data rates so that their operational
requirements are also relaxed

The embodiments of the mvention described herein are
exemplary and numerous modifications, variations and rear-
rangements can be readily envisioned to achieve substantially
equivalent results, all of which are intended to be embraced
within the spirit and scope of the appended claims.
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We claim:

1. A clock generator to provide half-rate in-phase and
quadrature clock signals in response to an input clock signal,
the generator comprising:

a lirst tri-state mnverter to respond to the mverse of said

clock signal;

a first inverter arranged to drive said first tri-state inverter;

a second tri-state mverter to respond to said clock signal
and arranged to drive said first inverter 1n response to
said first tri-state inverter:;

a second inverter arranged to provide said half-rate in-
phase signal 1n response to said first inverter;

a third tri-state inverter to respond to said clock signal and
arranged to be driven by said second inverter;

a third inverter;

a fourth tri-state inverter to respond to the inverse of said
clock signal and arranged to drive said third imnverter 1n
response to said third tri-state inverter; and

a fourth inverter arranged to provide said half-rate quadra-
ture signal 1n response to said third inverter.

2. A clock generator, comprising:

first and second inverters having first and second outputs
that respectively form first Q-bar and first QQ ports with
said first inverter connected to drive said second inverter:
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first and second tri-state imverters respectively having first
clock bar and first clock ports wherein said second tri-
state inverter 1s connected to drive said first inverter and

said first tri-state inverter 1s connected to drive said sec-
ond tri-state inverter and be driven by said first inverter;

third and fourth mverters having third and fourth outputs
that respectively form second (Q-bar and second Q ports
with said third inverter connected to drive said fourth
inverter; and

third and fourth tri-state inverters respectively having sec-
ond clock and second clock bar ports with said third
tri-state inverter connected to be driven by said second
mverter and said fourth tri-state inverter connected to
drive said third inverter and be driven by said third
tri-state 1nverter;

said first and second Q ports thereby providing half-rate
in-phase and quadrature clock signals 1n response to a
clock signal at said first and second clock ports and said
second clock and clock-bar ports.
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